Parkinson's disease (PD) is one of the most common neurodegenerative disorders, involving progressive loss of the nigro-striatal dopaminergic neurons. Cardinal symptoms including tremors, muscle rigidity, drooping posture, drooping, walking difficulty, and autonomic symptoms appear when a significant number of nigrostriatal dopaminergic neurons have already been destroyed. Hence, reliable biomarkers are needed for early and accurate diagnosis to measure disease progression and response to therapy. We review the current status of protein and small molecule biomarkers involved in oxidative stress, protein aggregation and inflammation etc. which are present in cerebrospinal fluid, human blood, urine or saliva. In recent years, advances in genomics, proteomics, metabolomics, and functional brain imaging techniques have led to new insights into the pathoetiology of PD. Further studies in the novel discovery of PD biomarkers will provide avenues to treat PD patients more effectively with few or no side effects.
Introduction
Parkinson's disease (PD) is the second most common neurodegenerative disease, estimated to occur in approximately 1% of individuals > 60 years of age, with 4.1-4.6 million affected worldwide. This number is predicted to more than double by 2030 as populations age [1] . Clinically, PD is characterized by bradykinesia, postural irregularity, resting tremor, and rigidity.
Experienced neurologists can typically diagnose PD with 90% accuracy on the basis of widely accepted diagnostic criteria for PD [2] , which relies largely on clinical history and physical examination in which a subjective component cannot be eliminated. However, the misdiagnosis rate of PD can range from 10% to 50% by movement disorder specialists [3] . In particular, essential tremor and atypical Parkinsonian syndromes, such as progressive supranuclear palsy (PSP) and multiple system atrophy (MSA), may initially mimic PD. When patients fulfill the clinical criteria of PD, they may have lost up to 70% of dopaminergic neurons in some parts of the substantia nigra [4] , which suggests a timely and accurate diagnosis is urgently needed. Apart from their diagnostic utility, biomarkers for PD are also needed for monitoring disease progression and efficacy of interventions.
The term 'biomarker' was defined in 2001 by the Biomarkers Definitions Working Group [National Institutes of Health (NIH)] as 'a characteristic that is objectively measured and evaluated as an indicator of normal biological processes, pathogenic processes, or pharmacologic responses to a therapeutic intervention'. An ideal PD biomarker should meet the following qualifications: high sensitivity and specificity validated by neuropathological examination, satisfactory test-retest reproducibility, inexpensive, non-invasive, and offer the ability to monitor disease progression without being biased by age. To date, there is no suitable biomarker for PD that fulfills all of these criteria. In this review, we will focus on two areas of research: biochemical markers, and new techniques ranging from neuroimaging to omics, both of which have clear potential for applications in diagnosing PD and monitoring its progression.
Promising biomarkers associated with pathogenesis
Today, the strongest evidence for the causation of PD suggests a multifactorial intervention of genetic and environmental factors, with possible mechanisms ranging from mitochondrial dysfunction, oxidative stress, protein aggregation, impaired protein degradation, dysregulated autophagy, and inflammation [5] . Given the diversity of possible disease mechanisms, biomarkers related to pathogenesis offer the most promising approaches for early diagnosis of PD (Table 1 ). We will discuss biomarkers linked to different pathogenic mechanisms in the following sections.
Mitochondrial dysfunction and oxidative stress
Evidence suggests that defects of the respiratory chain (complex I), increased accumulation of mitochondrial DNA mutations, abnormal mitochondrial calcium homoeostasis, defective autophagic removal of mitochondria (mitophagy), and increased oxidative stress are all involved in the pathogenesis of PD [5] .
DJ-1
DJ-1 is a causative gene of a familial form of PD, namely PARK7, and acts as a sensor of oxidative stress by regulating the expression of antioxidative defense genes to protect the cells from oxidative stress. DJ-1 gene knock-out human neuroblastoma SH-SY5Y cells were susceptible to neurotoxicity induced by 1-methyl-4-phenylpyridiniumion (MPP + ), 6-hydroxydopamine (6-OHDA) and rotenone, whereas over expression of DJ-1 reduced oxidative stress and protected neurons against dopamine toxicity [35] . Previous studies have found both higher and lower cerebrospinal fluid (CSF) DJ-1 levels in PD compared with non-PD controls ( Table 1) . The CSF DJ-1 levels (measured with quantitative immunoblotting) in the early stages of PD (Hoehn and Yahr stage I-II) were significantly upregulated compared to those in the advanced stages of PD (Hoehn and Yahr stage III-IV) and non-PD controls (p < 0.001) [6] . However, decreased levels of DJ-1 (measured with quantitative sensitive Luminex assays) were found in a large cohort of CSF samples of PD patients compared with healthy individuals and Alzheimer's disease (AD) patients. The sensitivity and specificity for patients with PD versus controls were 90% and 70% for DJ-1, and there was no correlation between the DJ-1 level and the severity of PD [7] . The discrepancy between the results of the two studies might be related to methodological variations or contamination of CSF by blood. A limitation of the latter study is that Hong and colleagues did not evaluate CSF DJ-1 in other synucleinopathies or related disorders (MSA or PSP), i.e., diseases that clinically overlap with PD [7] . In blood, although there was a moderate decrease in DJ-1 levels in patients with PD or AD compared with healthy individuals, no statistical difference was observed in this cohort between any groups, even when the extent of hemolysis and platelet contamination were controlled for. Nonetheless, in an initial discovery study of 119 subjects, seven DJ-1 isoforms were reliably detected, and blood levels of those with 4-hydroxy-2-nonenal modifications were found to be altered in late-stage PD [36] . In saliva, DJ-1 could be an indicator of PD progression. Kang and colleagues found a correlation between salivary concentration of DJ-1 and putamen nucleus uptake of labeled dopamine transporters 99m Tc-TRODAT-1 in the PD group. Although salivary DJ-1 levels were not affected by Unified Parkinson's Disease Rating Scale (UPDRS) scores, gender, age, and pharmacotherapy, DJ-1 levels in Hoehn and Yahr stage III-IV of PD were higher than those in Hoehn and Yahr stage I-III as well as those in healthy controls [8] .
Both the crystal structure of DJ-1 and a substantial number of experiments have indicated that the cysteine residue at position 106 (Cys-106) is preferentially oxidized in cells exposed to oxidative stress and is now accepted to be the key residue involved in the antioxidative action of DJ-1 [10] . Using specific monoclonal antibodies against Cys106 oxidized DJ-1 (oxDJ-1), oxDJ-1 immunoreactivity was prominently observed in neuromelanin containing neurons and neuron processes of the substantia nigra, as well as in astrocytes in the striatum, in neurons and glia in the red nucleus, and in the inferior olivary nucleus, all of which are related to regulation of movement [37] . These observations suggest that in addition to the quantity of DJ-1, its qualitative change, oxidation, is an interesting candidate for a PD biomarker [10, 37] .
Others
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Patients with low UA levels in serum may be more prone to developing PD, and an inverse relationship between UA and severity of PD was robust for men but weak for women [11] . Another study in the Chinese population reported similar results, which suggests that the serum UA level could be a useful biomarker of PD diagnosis and disease progression [12] . Maetzler and co-workers have reported a strong inverse correlation between the serum UA and the cognitive impairment, and found that low serum UA levels predicted poor cognitive scores [13] . In addition, techniques for detection of UA are growing more efficient. Using the novel short graphene oxide nanoribbons (GONRs), which provide improved electrochemical signals at the same concentrations of analytes and test conditions, the minimum detection limits of UA could reach 98 nM [38] . 8-Hydroxydeoxyguanosine (8-OHdG) is produced when reactive oxygen radicals react with guanine residues in DNA and is a reliable marker of oxidative stress markers. Increased levels of oxidative stress have been reported in CSF, plasma and urine of patients with various neurodegenerative disorders. A study has found that the concentration of 8-OHdG in CSF of PD patients was greater than that in CSF of controls (p < 0.0001) and was positively correlated with the duration of disease [r(s) = 0.87, p < 0.001] [14] . Bolner and colleagues studied the ratio between 8-OHdG and 2-dG (which is related to the efficacy of the DNA repairing mechanisms) in plasma as a marker of oxidative stress in PD. Their results indicated that in plasma samples, only the 8-OHdG/2-dG ratio but not the 8-OHdG level was significantly higher in PD compared to healthy controls, suggesting that the ratio of 8-OHdG/2-dG might be a reliable diagnostic tool [15] . Another study in blood demonstrated the leucocyte 8-OHdG levels were continuously increased with advanced PD Hoehn and Yahr stages [16] . Hallucinations was reportedly occur in 50% of patients with PD [39] and have a persistent and progressive nature, and Hirayamaa and colleagues observed that the significant correlation between urinary 8-OHdG levels and hallucinations suggests that hallucinations are likely to have unique but unidentified mechanisms that lead to excessive production of 8-OHdG [17] .
Protein halogenation is a type of oxidative stress induced by phagocytic overstimulation, and its role in PD has caught people's attention. These protein products are not cytotoxic, but they are known to form inflammatory mediators after conjugation with serum albumin. Jose'-Manuel and colleagues detected that advanced oxidized protein products (AOPP), markers of protein halogenation, are reliably enhanced in serum of patients with PD relative to control subjects, and to a lesser extent in the CSF. Levels of AOPP are progressively reduced over time, and the duration of PD is larger in Hoehn and Yahr stage II-III patients with low serum levels [18] .
Abnormal protein accumulation and aggregation α-Synuclein
One of the pathological hallmarks of PD is the presence of Lewy bodies in surviving neurons. Lewy bodies consist of insoluble aggregated proteins with α-synuclein being the major component, which has now become a focus of biomarker research.
Two recognized studies have suggested a decreased total α-synuclein level in CSF of aged individuals with PD [7, 22] . Hong and co-workers have reported the sensitivity and specificity for patients with PD versus controls were 92% and 58% for α-synuclein [7] , while Mollenhauer and colleagues found that total CSF α-synuclein at a concentration of 1.6 pg/μL or less provides 71% sensitivity and 53% specificity for diagnosing PD [22] . The reasons for the differences in the sensitivity and specificity may be that Mollenhauer and colleagues recruited a cohort that was larger and diagnostically more diverse, including dementia with Lewy bodies (DLB) and MSA, which are atypical Parkinsonian disorders [22] . No correlation between the α-synuclein level and disease severity was found in these two studies, which was later confirmed by another study [24] . The oligomeric form of α-synuclein was increased in CSF of patients with Lewy body disease (PD and DLB combined) compared to non-Lewy body disease subjects (controls and tauopathies). Furthermore, a higher oligomer/total-α-synuclein ratio in CSF of PD provided a greater sensitivity of 89.3% and specificity of 90.6% [19] . In a recent finding, Foulds and colleagues pointed out that approximately 90% of α-synuclein deposited in Lewy bodies is phosphorylated at Ser-129, whereas only 4% of total α-synuclein in normal brain is phosphorylated. Although their preliminary results still require confirmation, they do suggest that the phosphorylated form of α-synuclein is more promising as a diagnostic marker than the non-phosphorylated protein [40] .
A number of studies have been conducted on α-synuclein levels in plasma in spite of the risk for contamination with erythrocytes or platelets. Compared to healthy controls, Gorostidi and colleagues found a significant decrease in plasma total α-synuclein levels in idiopathic PD patients and the reduction was less significant in patients who were LRRK2 mutation carriers [20] . However, Foulds and colleagues had a substantially different conclusion: there were no differences in the plasma total α-synuclein levels between PD patients and controls, which may be due to large individual-to-individual variation [21] . For log-transformed data, plasma total α-synuclein levels increased with time for up to 20 years after the appearance of initial symptoms (p = 0.012) [23] . At the same time, they found that the mean level of phosphorylated α-synuclein, but not total α-synuclein, was higher in the plasma of PD patients compared to the healthy controls (p = 0.012). Their results suggested that the plasma level of phosphorylated α-synuclein may serve as a valuable diagnostic tool, whereas the level of total α-synuclein could act as a surrogate marker for the progression of PD [21, 23] . Yanamandra and colleagues found significantly higher antibody levels against monomeric α-synuclein in the sera of PD patients compared to controls (p < 0.0001), though this response decreased with PD progression. This indicates a protective role of autoimmunity in maintaining homeostasis and clearing protein species whose imbalance may lead to amyloid assembly [25] .
Ivana and colleagues observed that α-synuclein levels tended to decrease while DJ-1 levels tended to increase in the saliva of PD patients, and that α-synuclein might correlate with severity of motor symptoms in PD [9] . Incidentally, α-synuclein is found in peripheral tissues, such as the gastrointestinal tract and salivary gland. A large scale study demonstrated accumulation of α-synuclein within mucosal and submucosal nerve fibers as well as ganglia, which was more extensively detected with an antibody against phosphorylated α-synuclein than with an antibody against non-phosphorylated α-synuclein [41] . A small study on salivary gland biopsies in living patients with PD demonstrated 12 of the needle core biopsies had microscopically evident submandibular gland tissue to assess and 9/12 had Lewy type α-synucleinopathy (LTS), but only 1/15 minor salivary gland biopsies tested positive for LTS. This result suggested that this tissue biopsy method may be important for tissue confirmation of PD in patients being considered for invasive procedures and in research studies of other PD biomarkers [42] .
In summary, α-synuclein is normally found in the peripheral tissues, all blood cells, and bodily fluids (CSF, saliva and plasma) and exists in its various conformations (phosphorylated, glycosylated, nitrated, ubiquitinated or truncated forms). However, neither plasma nor CSF α-synuclein is presently a reliable marker of PD, as abnormal α-synuclein accumulation is commonly used as a marker of a group of diseases called synucleinopathies [43, 44] . It should more readily distinguish PD from tauopathies, such as PSP or AD, but would not distinguish PD so easily from DLB or MSA. In order to develop a diagnostic test or a biomarker for PD, more detailed studies are needed on different modified forms of α-synuclein from different peripheral tissues for their potential as a surrogate marker of CSF or plasma α-synuclein [43, 44] .
Tau and others
Tau and amyloid β (Aβ) are important pathological proteins implicated in cognitive impairment and have been investigated in many studies in the past [45] . Shi and coworkers measured total tau, phosphorylated tau, Aβ peptide 1-42 [Aβ (1-42)], Flt3 ligand, and fractalkine levels in CSF in a large cohort of PD patients at different stages, as well as in healthy and diseased controls, and found that the ratio of phosphorylated-tau/tau can be used to distinguish PD from MSA (a disease that overlaps with PD clinically). Moreover, with the CSF Flt3 ligand, PD could be clearly differentiated from MSA with an excellent sensitivity (99%) and specificity (95%) [26] . Furthermore, the authors identified CSF fractalkine/Aβ (1-42) as positively correlated with PD severity in cross-sectional samples, as well as with PD progression in longitudinal samples [26] .
There are still several candidate biomarkers related with protein aggregation. For example, tissue transglutaminase, which may contribute to α-synuclein aggregation by promoting crosslinking, increased almost 10-fold in PD patients in comparison to controls (p = 0.001), although the overlap between controls and certain PD patients indicated low sensitivity of this potential diagnostic marker [27] . CSF and serum levels of osteopontin, a CNS-derived protein that has been associated with various neuroprotective actions, were elevated in PD patients compared to controls and its higher serum levels were associated with more severe motor symptoms [28] . The CSF axonal damage biomarker, neurofilament heavy chain (NFH-SMI35), differentiated PD from PSP with a sensitivity of 76.5% and a specificity of 94.4%, and was most prominent in the more rapidly progressing syndromes PSP and MSA rather than in PD or corticobasal degeneration (CBD) [46] .
Impaired protein degradation
Two main protein degradation systems, the autophagylysosomal pathway and ubiquitin-proteasome pathway, are involved in the degradation of misfolded, mutant, denatured or otherwise damaged proteins such as α-synuclein, tau and Aβ. The impairment of the two pathways is recognized to play a pathogenetic role in PD. Lysosomal-associated membrane protein (lamp) 2A and heat shock cognate (hsc) 70 protein are the two key regulators of chaperone-mediated autophagy; their expression was assessed in peripheral blood mononuclear cells (PBMC) of patients with sporadic PD and compared to healthy subjects in a recent study. A significant reduction of hsc70 levels was observed in PBMC of PD patients, and no difference in lamp2A expression was evident between patients and controls [29] . β-Glucocerebrosidase is a lysosomal hydrolase encoded by GBA1, whose mutations represent a recognized risk factor for PD. In a new study, it was found that β-glucocerebrosidase activity was reduced in CSF of PD patients (p < 0.05) [30] . A combination of β-glucocerebrosidase activity, oligomer/total α-synuclein ratio, and age gave the best performance in discriminating PD from neurological controls [sensitivity 82%; specificity 71%, area under the receiver operating characteristic curve (ROC) = 0.87], which demonstrates the possibility of detecting lysosomal dysfunction in CSF and further supports the need to combine different biomarkers for improving the diagnostic accuracy of PD [30] . The ubiquitin carboxy-terminal hydrolase L1 (UCH-L1) is a pivotal component of the ubiquitin proteasome system. It was reported that the UCH-L1 levels in CSF were significantly decreased in PD compared with controls and atypical Parkinsonian disorders [31] . The combined determination of α-synuclein and UCH-L1 levels could not only be used to separate patients with synucleinopathies from those with tauopathies [p < 0.015; area under curve (AUC) = 0.63], but also discriminate between PD and APD (p < 0.0003; AUC = 0.69) [31] .
Inflammation
Neuroinflammation, comprising microglial activation and astrogliosis in the substantia nigra of PD patients, has repeatedly been shown to be an important contributor to the pathogenesis of PD. Increased levels of proinflammatory cytokines and alterations in growth factor levels in CSF or plasma of PD patients are molecular indicators of inflammation. This is evidenced by increased CSF levels of several interleukins (ILs), including IL-1-β, IL-6 and IL-8, and decreased levels of the components of the complement system in PD patients [5] . Furthermore, it was found that high-sensitivity C-reactive protein (hs-CRP) levels in the early PD group were higher than those in healthy controls [32] . Most people with PD eventually develop cognitive impairment. Among PD patients, the increased level of soluble tumor necrosis factor receptor (sTNFR) 1 and sTNFR2 in plasma, which are known to antagonize the biological effect of TNF-α, were negatively correlated with cognitive test scores [33] . Chen-Plotkin and colleagues found 11 proteins that exhibited plasma levels correlating with baseline cognitive performance in the discovery cohort. Among them, epidermal growth factor (EGF) was the best candidate for predicting cognitive impairment of PD patients. The low levels of EGF not only correlated with poor cognitive test scores at the baseline, but also predicted an eight-fold greater risk of cognitive decline to dementia-range Mattis Dementia Rating Scale-2 scores in an independent replication cohort of 113 PD patients with intact baseline cognition. Therefore, inflammation might be associated with cognitive impairment of PD patients [34] . It can thus be concluded that inflammation might be associated with cognitive impairment of PD patients.
New techniques for discovering novel biomarkers
In the last decade, a variety of new techniques, ranging from neuroimaging and genomics to proteomics and metabolomics, have been employed to identify novel markers that could facilitate diagnosis and monitoring of PD progression (Table 2 ). In the following sections, we will discuss a few markers revealed by each platform, along with potential caveats and shortcomings.
Gene expression profiling
Epidemiological studies demonstrated that only 5%-10% of PD patients have a family history of PD, and that most cases of PD are sporadic. Through the use of genome-wide association studies (GWASs), genetic screening has successfully identified a common highrisk gene locus glucocerebrosidase, and many common low-risk loci (e.g., SNCA, MAPT, LRRK2). The mutation of SNCA could lead to changes in the level and conformation of α-synuclein. The last few years have seen growing evidence of a possible contribution of SNCA gene epigenetic modifications to PD. By using cultured cells in vitro, Matsumoto and colleagues identified a region of the SNCA CpG island whose demethylation leads to increased SNCA expression [47] . Similarly, decreased methylation of the cytochrome P450 2E1 (CYP2E1) gene and increased expression of CYP2E1 mRNA were found in the brains of PD patients [49] . Masliah and colleagues investigated genome-wide DNA methylation in brain and blood samples from PD patients and detected 2908 differentially methylated CpG islands in the brain and 3897 in blood, representing about 0.6% and 0.8% of the total array probes interrogated, respectively [48] . Therefore, it is reasonable to propose that DNA methylation could be a novel biomarker for PD. Genetic variations in the LRRK2 gene were linked to familial PD and the G2019S mutation of LRRK2 has been associated with both familial and idiopathic PD [63] . The G2019S mutation in the kinase domain is a dominant mutation that has been shown to increase LRRK2 kinase activity in vitro, and therefore selective LRRK2 inhibitors have become a potential target of anti-PD drug development [64] . It was reported that a potent and selective lead compound can penetrate the blood brain barrier and inhibit wild-type or mutant LRRK2 activity, raising the possibility that imaging of LRRK2 activity in the brain with highly selective LRRK2 radiotracers for PET or SPECT might be used as a new diagnostic tool [65] . Using gene expression profiling combined with bioinformatics analysis, Diao and colleagues identified a total of 1004 genes associated with PD initiation and found HLF, E2F1 and STAT4 have altered expression levels in PD patients [66] . However, genomic approaches are only able to identify the susceptible population, but they cannot provide information about whether the disease has started or how advanced it is. Therefore, they should be used in combination with other biomarkers for PD diagnosis.
Proteomics
Protein isolation combined with identification and bioinformatics analysis supports selecting, identifying and quantifying potential PD biomarkers. Recent advances in proteomics, including both upstream and downstream protocols, have fuelled a transition from mere protein identification to functional analysis. Some studies have reported proteomics research in brain tissues, CSF, and blood.
Using a high-throughput shotgun proteomics strategy, Licker and colleagues studied postmortem nigral tissues dissected from pathologically confirmed PD cases and identified 204 proteins exhibiting significant changes in expression levels between PD patients and controls. These proteins were found to be involved in novel or known pathogenic processes including mitochondrial dysfunction, oxidative stress, or cytoskeleton impairment. They further characterized four candidates including ferritin-L, seipin, γ-glutamyl hydrolase and nebulette, which might be relevant to PD pathogenesis [50] .
By screening the CSF proteome using surfaceenhanced laser desorption/ionization time-of-flight mass spectrometry (SELDI-TOF MS), Constantinescu and co-workers identified four proteins [ubiquitin, [62] β 2 -microglobulin, and two secretogranin 1 (chromogranin B) fragments] that differentiated healthy controls and PD patients from patients with atypical Parkinsonian disorders [52] . By analyzing CSF proteomic patterns, the peak at m/z 6250 was found to be highly expressed in healthy individuals, less expressed in PD patients and least expressed in MSA patients. Although it could provide a satisfactory AUC value in the ROC analysis (0.956) in discrimination of the early-stage patients with PD or MSA, there were not enough values of this type in the discrimination of other pairs among PD, MSA, and control [54] . However, the biggest shortcoming of proteomics analysis of CSF is that contamination by blood, with its high protein content, can dramatically alter the CSF proteomic pattern. To counter this shortcoming, standardizing methods in sample collection, storage, preparation, analysis, and data mining were recently developed to ensure data reproducibility [67] .
Using two-dimensional liquid chromatographytandem mass spectrometry (2DLC-MS) coupled with isobaric tags for relative and absolute quantification (iTRAQ) labeling, Zhang and colleagues identified eight proteins that were upregulated in PD including sero-transferrin and clusterin, and 18 downregulated proteins including complement component 4B, ApoA-I, α-2-antiplasmin and coagulation factor V. These proteins may be involved in oxidative stress, mitochondrial dysfunction, abnormal protein aggregation and inflammation. Importantly, significantly decreased expression levels of ApoA-I were detected in the early stages of PD [51] . By utilizing 2D electrophoresis (2DE) and MS, IgGκL and human serum amyloid P component (SAP) were found to be differentially expressed between healthy individuals and PD patients. The SAP level was increased approximately fivefold in PD samples, and the ELISA procedure revealed a significant (p < 0.001) increase in SAP concentration (65.9 ± 18.7 μg/mL) in the plasma of PD patients (healthy individuals, 35.0 ± 12.5 μg/mL), with a sensitivity of 94.1% and a specificity of 87.5% [53] . With the help of a bioinformatics platform, Alberio and colleagues analyzed more than 51,000 scientific papers dealing with PD and tracked back 35 PD-related proteins as being present in at least two published 2DE maps of human plasma. Then, nine different proteins (haptoglobin, transthyretin, apolipoprotein A-1, serum amyloid P component, apolipoprotein E, complement factor H, fibrinogen γ, thrombin, complement C3) split into 32 spots were identified as a potential diagnostic pattern in plasma [68] . To identify autoantibodies in human sera, Han and colleagues used Invitrogen's ProtoArray v5.0 Human Protein Microarrays (Cat. No.-PAH0525020, Invitrogen, Carlsbad, CA, USA), each containing 9486 unique human protein antigens (www. invitrogen.com/protoarray), and the diagnostic value of each of these autoantibodies was evaluated, resulting in the selection of 10 autoantibody biomarkers that can effectively differentiate PD sera from control sera with a sensitivity of 93.1% and a specificity of 100% [55] .
Metabolomics
Metabolomics is a platform for detecting and analyzing a series of molecules with low molecular weights. By using ultra performance liquid chromatography (UPLC)/ tandem MS and gas chromatography (GC)/MS, LeWitt and colleagues detected and provided chemical identifications for 243 of the several hundred small-molecular weight constituents of CSF. In PD, the mean 3-hydroxykynurenine concentration was increased by one third, and mean oxidized glutathione was decreased by 40% in the PD specimens [56] , which is consistent with earlier reports. Interestingly, N-acetylhistidine, one of the four N-acetylated amino acids, was reduced by almost half compared to the control value [56] . This observation was consistent with a recent finding that N-terminal acetylation of amino acids is a major factor that governs aggregation for oligomers of α-synuclein. Johansen and co-workers found that both familial and idiopathic PD patients showed significantly reduced UA levels and a significant decrease in the levels of hypoxanthine and in the ratios of major metabolites of the purine pathway in plasma compared to controls. Furthermore, these findings showed that LRRK2 patients with the G2019S mutation have unique metabolomic profiles that distinguish them from patients with idiopathic PD. More importantly, asymptomatic LRRK2 carriers can be separated from gene negative family members, which raise the possibility that metabolomic profiles could be useful in predicting which LRRK2 carriers will eventually develop PD [57] . By using inductively coupled plasma-atomic emission spectrophotometry (ICP-AES) and inductively coupled plasma mass spectrometry (ICP-MS) to determine the concentration variations of elements between PD and normal samples, an element linkage map was established. The partial least squares discriminant analysis (PLS-DA) showed aluminium, copper, iron, manganese and zinc are the elements that distinguish PD patients from controls. Furthermore, aluminium is a key element involved in triggering phosphorus, which subsequently leads to an imbalance of homeostasis in PD serum [58] . In a pilot study, N8-acetyl spermidine was found to be significantly elevated in the rapid progressors compared to both control subjects and slow progressors. The exploratory data indicate that a fast motor progression disease phenotype can be distinguished early in disease using high resolution mass spectrometry-based metabolic profiling, and that altered polyamine metabolism may be a predictive marker of rapidly progressing PD [59] .
Neuroimaging
Imaging techniques that evaluate potential structural, ultrastructural, biochemical, or perfusion pattern changes in PD are being tested. The main pathological changes of PD occur in the substantia nigra, with degeneration of dopaminergic neurons. Functional brain imaging using tracers that penetrate the blood brain barrier are able to identify diseased regions in the brain with either single photon emission computed tomography (SPECT) or positron emission tomography (PET). To date, the most widely accepted biomarkers for nigrostriatal neurodegeneration are those employing neuroimaging methodologies. 6-[ ] iodophenyl) tropane differed significantly between different 6-OHDA dose groups. The results were highly correlated with both striatal DAT-and TH-immunoreactive fiber densities and to TH-immunoreactive cell numbers in the rat substantia nigra, but no clear progression of the lesions was observed [60] . VMAT2 is imaged using 11 C-or 18F-dihydrotetrabenazine (DTBZ) PET and is the newest approach for the assessment of nigrostriatal projections. Nevertheless, the application of F-labeled tetrabenazine derivative that selectively binds to VMAT2 with high affinity, the imaging showed evident progressive loss of striatal uptake of [ 18 F] AV-133 which had a linear correlation with the clinical rating scores and the bradykinesia subscores [61] . While α-synuclein imaging could be a useful diagnostic marker and a means to monitor therapies aimed at reducing α-synuclein levels, developing an α-synuclein PET tracer poses a greater challenge than was faced for the DAT or VMAT2 tracers. To identify molecules that bind selectively and strongly to α-synuclein, researchers in the Michael J. Fox Foundation for Parkinson's Research opted to employ a small-molecule, medicinal chemistry approach beginning with a screen of 100,000 compounds that were selected based on computational chemistry utilizing information derived from the α-synuclein structure [70] . Kikuchi and colleagues have reported that 2-[2-(2-dimethylaminothiazol-5-yl) ethenyl]-6-[2-(fluoro)ethoxy] benzoxazole could bind to α-synuclein-containing glial cytoplasmic inclusions in the post-mortem brain, and that PET data demonstrated elevated signals in the glial cytoplasmic inclusion-rich brain regions including subcortical white matter, putamen, globus pallidus, primary motor cortices and anterior and posterior cingulate cortex when compared to the normal control. Their results also demonstrated that PD and DLB showed distribution volume patterns that were very different from those of MSA [62] .
Conclusions and future directions
A number of different biochemical biomarkers have been summarized in this review (Table 1) , and different omics and neuroimaging methodologies are likely to be needed in the future. However, sensitive, specific and thoroughly validated diagnostic CSF markers for PD have not yet been identified. Due to heterogeneity in disease pathology and pathological overlap with other neurodegenerative disorders, it is likely that an optimal biomarker will combine multiple methodological approaches, i.e., a panel of markers will be needed for PD diagnosis/progression. For example, in their study of AD biomarkers, Abdul and colleagues have recently used a combination of 10 plasma proteins to predict conversion to dementia with an accuracy of 87%, sensitivity of 85%, and specificity of 88% [71] . Already, initiatives in PD are currently testing collaborative approaches for a combination of markers, possibly incorporating, in addition to imaging, clinical batteries, molecular genetics, and other disease state-based markers, as well as omics-based measures. It is also important to realize that PD, or any other major neurodegenerative disorder for that matter, is not a single disease; there are many subtypes of diseases. The biomarkers used for diagnosis of PD or subtypes of diseases will likely be different, and in future studies the choice of biomarker will depend upon its purpose. Many develop cognitive impairment or dementia, and biomarkers (such as EGF, Aβ-42) that could identify at-risk patients would be useful for prognostication.
At present, no treatment has been proven to influence the progressive course of the disease by protecting neurons, and the lack of validated biomarkers remains a major barrier to success. Research on PD biomarkers will not only improve the diagnosis of PD, but also provide new targets for anti-Parkinsonian drug discovery. Specifically, some biomarkers subject to oxidation, misfolding and aggregation are the focus of drug development, such as DJ-1 and α-synuclein. Research progress on anti-Parkinsonian drugs targeting DJ-1 or oxDJ-1 and many compounds have been isolated by virtual screening [72] . A recent review demonstrated that compounds that promote α-synuclein mono-ubiquitination should be used in concert with compounds that boost the proteolytic pathways, which may therefore ease the accumulation of α-synuclein in PD [73] . Also, in-depth studies on antiParkinsonian medicines have proved very valuable for PD biomarkers. For example, using iTRAQ-based quantitative proteomics, extracts of Acanthopanax senticosus harm were found to correct the abnormal expressions of 16 proteins out of 84 potential biomarkers that are associated with the formation of Lewy bodies [74] .
It is envisaged that further advances in molecular neurobiology, omics analyses, functional neuroimaging will provide better opportunities for discovery of early, non-invasive, sensitive, specific, economical diagnostic biomarkers for the safe and effective treatment of PD. Further studies in the novel discovery of PD biomarkers will provide avenues to treat PD patients more effectively with few or no side effects.
